The Zymomonas mobilis gene encoding phosphoglucose isomerase (pgi) 
Zymomonas mobilis has a simple, fermentative metabolism and lacks the complicated variety of metabolic alternatives encountered in other organisms (35) . This microorganism is most commonly found in warm, tropical climates in fermentations of plant saps with high sugar concentrations. It uses the Entner-Doudoroff glycolytic pathway exclusively for catabolism of glucose, fructose, and sucrose, the only carbon and energy sources that support its growth. The Entner-Doudoroff pathway is inherently inefficient and yields only 1 mol of ATP per mol of glucose consumed. In order to obtain sufficient energy for growth, Z. mobilis must convert a significant amount of substrate to end products. This is facilitated by high level expression of glycolytic and alcohologenic enzymes (approximately 50% of the total soluble protein). Z. mobilis is capable of near quantitative fermentation of glucose to equimolar amounts of ethanol and carbon dioxide with a specific ethanol productivity nearly threefold higher than that for Saccharomyces cerevisiae (26, 35) .
Attempts to understand the regulation of carbon flow through metabolic pathways have led to the development of mathematical models of metabolic flux control which are based on enzyme kinetics (17, 20) . Z. mobilis provides a useful experimental system for testing the validity of metabolic control theories. In this organism, several of the enzymes of the Entner-Doudoroff pathway are thought to operate at or near substrate saturation with no substantial allosteric control points (1) . Therefore, many of the enzymes of the pathway contribute to overall metabolic flux control. It follows that Z. mobilis must possess a mechanism for * Corresponding author.
carefully maintaining appropriate levels of certain enzymes of central metabolism. The concept of genetic regulation of constitutive enzymes is perhaps not widely appreciated, but it must certainly be relevant for expression of the glycolytic enzymes of Z. mobilis. It is our goal to analyze the genetic component of metabolic flux control in the Z. mobilis Entner-Doudoroff pathway. The first step in this investigation is to clone the genes that code for the enzymes of central metabolism. These cloned genes will be used in future studies as tools to manipulate the in vivo levels of specific glycolytic enzymes in order to assess their contribution to metabolic flux control.
Phosphoglucose isomerase is a dimeric enzyme with an average subunit size of 60 to 65 kDa (24) . It catalyzes the reversible interconversion of glucose-6-phosphate to fructose-6-phosphate. In Z. mobilis, phosphoglucose isomerase serves as part of a peripheral pathway which makes it possible for the organism to utilize fructose as a substrate for growth (35) . Fructose is taken up by facilitated diffusion and is phosphorylated by fructokinase to form fructose-6-phosphate. Phosphoglucose isomerase then converts fructose-6-phosphate to glucose-6-phosphate, an intermediate of the Entner-Doudoroff pathway. The role of phosphoglucose isomerase in this peripheral route for fructose metabolism is quite different from its role as a central step in the EmbdenMeyerhof-Parnas pathway, where it serves to isomerize glucose-6-phosphate to fructose-6-phosphate, which is phosphorylated by phosphofructokinase to form fructose-1,6-bisphosphate, the key intermediate of this pathway.
Phosphoglucose isomerase and fructokinase activities in Z. mobilis cells are adequate to support the flux observed when Z. mobilis is grown on fructose (1, 26, 35) . When Z. Preparation and manipulation of plasmid and genomic DNA. Procedures for transformation and restriction mapping followed standard methods (27, 30) . Small-scale plasmid preparations were carried out by using a modification of the method of Bimboim and Doly as described previously (30) . Restriction enzymes and DNA modification enzymes were used according to the recommendations of the manufacturers. Genomic DNA from Z. mobilis CP4 was isolated as previously described (3) . A library of Z. mobilis genomic DNA containing 4-to 6-kb fragments was generated by partial digestion of genomic DNA with Sau3A and subsequent ligation into the BamHI site of pUC18 as described previously (2) . Amplification in E. coli DHSa produced a 10,000-member library with a 75% insertion frequency.
Cloning of the Z. mobils gene encoding phosphoglucose isomerae. The Z. mobilis-pUC18 library was transformed into E. coli DF214 [pgi::Mu A(zwf-edd) (36) DH5a(pTC132) were prepared for enzyme assay by washing in 50 mM potassium phosphate buffer (pH 6.8) and then resuspending in the same buffer to an A550 of 1.0. Two milliliters of cell suspension was pelleted and resuspended in 500 ,ul of phosphate buffer. Z. mobilis cell lysates (500 ,ul) were prepared by sonication with three 15-s bursts in a microcentrifuge tube containing one-half volume of 0.1-mm-diameter glass beads. E. coli cell lysates were prepared by sonication for 15 s. Phosphoglucose isomerase activity was assayed as described previously (18) .
Sodium dodecyl sulfate (SDS)-polyacrylamide gel electropphoresis. Gels were prepared and stained with Coomassie blue as previously described (8) .
Southern probing. Electrophoresis and ethidium bromide staining of agarose gels (0.8%) for Southern blotting were performed by standard methods (27) , as described previously (7) . Nucleic acid transfer to GeneScreen Plus hybridization transfer membranes and hybridization of labeled probes at 420C in the presence of 50% formamide were performed according to the manufacturer's protocols (New England Nuclear Corp., Boston, Mass.; catalog no. NEF-976). Random-primed DNA labeling was used to prepare the hybridization probes.
Analysis of RNA. RNA was isolated by a modification of the procedure described by Mackie (22) . Log-phase Z. mobilis cultures (5 ml) were pipetted into 2.5 ml of a mixture containing 0.3 M sodium acetate (pH 6.0), 30 mM EDTA, and 3% SDS at 100°C in a boiling water bath. Complete cell lysis was accomplished within 30 s. This was followed by two successive extractions with phenol at 60°C and a single extraction with chloroform at room temperature. These samples were precipitated with ethanol, and the DNA was removed as described previously (8) . Northern (RNA) analysis was carried out as described previously (7) . For mRNA half-life determinations, exponential cultures were treated with rifampin (200 mg/liter) as described previously (22) . RNA samples were taken at 3-min intervals thereafter and quantitated before loading equal amounts on denaturing agarose gels for Northern analysis as described above. The amount of radioactive probe that hybridized to the filters was quantitated by using the AMBIS Radioanalytic Imaging System (AMBIS Systems, Inc., San Diego, Calif.).
Determination of DNA sequence. The DNA sequences of the Z. mobilis pgi regions on pTC131 and pTC132 were determined using the dideoxy method (28) . Double-stranded sequencing was performed with the aid of a Sequenase kit as described (5) . A series of deletion subclones (average length, 300 bp) for pTC131 and pTC132 was generated with exonuclease III (Erase-a-Base kit). Sequence analysis of both strands required the use of 47 deletion subclones which composed a single contiguous sequence of 3,212 bp encompassing the Z. mobilis phosphoglucose isomerase gene and relevant 5' and 3' regions. Sequence data were compiled with the University of Wisconsin Genetics Computer Group Sequence Analysis Software Package version 6.1 (11) .
Enzymes and chemicals. Restriction enzymes were obtained from Bethesda Research Laboratories (Gaithersburg, Nucleotide sequence accession number. The entire nucleotide sequence shown in Fig. 4 is available on the GenBank data base, accession no. M62957.
RESULTS
Cloning and characterization of the gene encoding phosphoglucose isomerase. The cloning of phosphoglucose isomerase from Z. mobilis was accomplished by genetic complementation of an E. coli mutant. Mutations in the phosphoglucose isomerase and glucose-6-phosphate dehydrogenase genes in E. coli DF214 prevent growth of the organism on glucose minimal medium. Theoretically, complementation of either of these mutations with Z. mobilis genes would lead to restored ability to grow on glucose. E. coli DF214 was transformed with the Z. mobilis genomic library and plated on minimal glucose medium containing ampicillin. Restoration of the ability to grow on glucose was observed in approximately 1 in 500 transformants. Of the over 150 glucose' clones which originally appeared, 35 were selected for further study. High-frequency transformation of E. coli DF214 to the glucose' phenotype was observed for plasmid DNA prepared from each of these 35 clones. Enzyme assays were performed to distinguish between clones expressing phosphoglucose isomerase and those expressing glucose-6-phosphate dehydrogenase. Of the 35 original clones, 34 were found to express phosphoglucose isomerase. The levels of phosphoglucose isomerase expression by these clones, on the average, were between 10-fold (2.3 ,umol/min/mg of total cell protein) and 25-fold (5.8 ,umol/min/mg of total cell protein) higher than the wild-type levels present in E. coli DHSa. Two of these clones were chosen for further study (pTC131 and pTC132). The remaining glucose' clone expressed high glucose-6-phosphate dehydrogenase activity. A study of the Z. mobilis zwfgene was published elsewhere (2) .
Restriction maps of pTC131 and pTC132 were constructed ( Fig. 1 phosphoglucose isomerase activity, and protein extracts from this clone (in E. coli DH5a) lacked the prominent polypeptide on SDS-polyacrylamide gels that was associated with high levels of phosphoglucose isomerase activity in positive clones (Fig. 2) . The reading frame was localized in this fashion to within roughly 300 bp.
Origination of the clones from Z. mobilis was confirmed by Southern blot analysis (Fig. 3) . A gene-specific probe was generated by digesting pTC131 with BamHI and KpnI, producing a probe of 174 (25) .
Northern blot analysis revealed that the gene encoding pgi resides on a 1.8-kb transcript (Fig. 5) . This transcript is longer than the 1,524 bases needed to encode the structural gene. Although long 5' untranslated regions of 200 bases or more are not uncommon in Z. mobilis (6, 9, 10, 13), primer extension data indicated that pgi transcription is initiated 75 bases upstream of the start codon (data not shown). The nucleotide sequence upstream of the putative transcriptional start site does not show any significant matches to the proposed consensus promoter sequence for Z. mobilis (19) . The T-rich stem-loop structure referred to above lies approximately 200 bases downstream of the pgi stop codon and may delineate the end of the 1.8-kb transcript, which would include the 75-base 5' untranslated region, the 1,524-base reading frame, and the 200-base 3' untranslated region.
Northern analysis of pgi mRNA levels in Z. mobilis cells grown both on fructose and on glucose was performed in order to determine whether the elevation in enzyme activity was the result of transcriptional regulation (Fig. 5) . The levels ofpgi mRNA in cells grown on fructose were found to be approximately threefold higher than the levels observed in cells grown on glucose. This threefold increase was seen for cells in early log phase as well as late log phase. In addition, the pgi message appeared to accumulate during logarithmic growth. Cells harvested in late log phase from either glucose or fructose medium contained pgi transcript levels approximately threefold higher than those of earlylog-phase cells grown in the same medium. It was of interest to determine whether the increased message levels observed for fructose cultures were a general phenomenon for the genes that encode glycolytic enzymes in Z. mobilis or whether they were restricted to pgi. Filters prepared with the same RNA samples were subjected to hybridization with gene-specific probes for gap (coding for glyceraldehyde phosphate dehydrogenase [9] ), pgk (coding for phosphoglycerate kinase [6] ), pdc (coding for pyruvate decarboxylase [8] ), and adhB (coding for alcohol dehydrogenase II [10] ). These experiments showed that equivalent amounts of the specific gap, pgk, pdc, and adhB mRNAs were present in both glucose and fructose cultures (data not shown).
In order to determine whether the increased levels of the pgi transcript in fructose cultures were the result of differential transcript stability, the half-life of the pgi mRNA was determined in glucose and fructose cultures. The results of these experiments for the two cultures are shown in Fig. 5 . Decay of the pgi transcript in both cultures followed a similar pattern and was biphasic. The TCC CAA TTC GGC AAC TGC TTG CAG TAG TTC TTT TGA AGG CCT AGA TCG GCA AAG CTC ATG AAT ATC TGA CCA GAA ACA GGC GAT AAT  91   92 CCT TAT CGG ACA TCG CGG ATT AAA TAA AAT AAG ATG CGG CAT CCA CAT CTT GAT AAG TGA AAT TCT GCT ATA GCA ACG GAT ATC CAA CCC   181   182 CGC AAA TTA AAG TGA ATC TTA ATT CAC CGT CGC GGT CAT GCC CGA GCC TTT TAG TGT TTA AAA ACA CCT TCA ACC ACA CGG AAT CGG TTA 271   272 ATC AGG CAT TCG CCG CCC CAT CTG GCA TAA ACA GGG TCA CGC TTG GCG CAT ATC TGT CCA TCG CGG CCT GCA TGG ACA TAA AAA CCG GAA 361   362 TAA AAA TCA AGG GGC AGG GCA ATG CTC CAG ATG TGC TCT TAT CCG GCT GCC CCC TI' TAA CAT CAA ATC AAC GCT ATC TTT TTC AGA AAC 451   452 AGC GGC GGC ACC AAT ATC TTC TGG TGA GAC GCA TTT CGG GCC CTT TTT CTC ATG CCA GAC CGC TTC AGG CGG AGG TGG CGG GGC ATT ATA 2432 CAC GCC ATT GCC GAT CAT CCT GAA AAT TCC GLT TTT GAC CCG TCA ACC AAG GCT TTG ATT GCG GCT GCT TTG ALL TAA GTT TCC GCT TTC quence of the pgi coding region, with the amino acid sequence of E. coli phosphoglucose isomerase is shown in Fig. 6 . Phosphoglucose isomerase from Z. mobilis exhibited 43% sequence identity to the E. coli phosphoglucose isomerase (14) . The results of comparisons of the amino acid sequence of the Z. mobilis pgi product with the amino acid sequences of phosphoglucose isomerase enzymes from Kluyveromyces lactis (37), Clarkia unguiculata (32), Trypanosoma brucei (23), S. cerevisiae (33) , and pigs (4) are shown in Table 2 . On the average, phosphoglucose isomerase from Z. mobilis is 40% identical to the eukaryotic enzymes. In addition, the Z. mobilis enzyme is 38% identical to mouse neuroleukin, an enzyme that is 90% identical to phosphohexose isomerase (16) . Comparison with a eukaryotic active site peptide did not reveal substantial identity (15) .
DISCUSSION
The Z. mobilis gene encoding phosphoglucose isomerase was cloned by genetic complementation of E. coli DF214. Biochemical assays of the enzymes produced by E. coli DF214(pTC131) and E. coli DF214(pTC132) confirmed the identity of these phosphoglucose isomerase clones. SDSpolyacrylamide gel electrophoresis of E. coli DH5a(pTC131) and E. coli DH5a(pTC132) extracts revealed an overexpressed protein of approximately 50,000 Da. Deletion subclones generated from pTC131 and pTC132 that extended Northern blot analysis revealed that pgi is encoded on a 1.8-kb transcript. The level of the pgi transcript was approximately threefold higher in late-log-phase cells than in earlylog-phase cultures grown on either glucose or fructose. Phosphoglucose isomerase activity also showed a comparable increase during logarithmic growth. Similar results have been obtained for most of the glycolytic enzymes from Z. mobilis (25) . These results suggest that the glycolytic en- Even more interesting is the finding that pgi transcript levels in fructose-grown cells are approximately threefold higher than message levels in glucose-grown cells. This parallels the increase in phosphoglucose isomerase activity in cells grown on fructose. Similar experiments with four gene-specific probes for other steps of central metabolism showed that these were not subject to carbon sourcedependent regulation, indicating that this is not a general phenomenon. The data presented in this paper suggest that an increase in the rate of pgi transcription during growth on fructose, as opposed to increased transcript stability (slower decay rate), is at least partially responsible for the increase in phosphoglucose isomerase synthesis observed in fructose cultures.
Z. mobilis has become highly specialized during the course of its evolution for growth in a high sugar habitat and is the only bacterium that uses the Entner-Doudoroff pathway anaerobically. This is remarkable, considering the inherent inefficiency of this pathway for energy metabolism. The rapid carbon flux that is necessitated by inefficient energy production is facilitated by high levels of the pathway enzymes, which are adequate to support the metabolic fluxes observed (1, 35) . Phosphoglucose isomerase plays a dual role in Z. mobilis. It is an essential component of the peripheral pathway that brings fructose into central metabolism. It is also employed for production of fructose-6-phosphate, a metabolic precursor for biosynthesis, from glucose-6-phosphate during growth on glucose. The level of phosphoglucose isomerase in early-log-phase glucose cultures is not sufficient to allow the flux observed when it is grown on fructose (1, 26 when it is grown on fructose. The evolution of a mechanism for carbon source-dependent regulation of a constitutive enzyme is extremely interesting. We are currently investigating the molecular aspects of this regulation.
Comparison of the primary amino acid sequence deduced from the Z. mobilis pgi gene with phosphoglucose isomerase sequences from other organisms revealed higher identity to the prokaryotic sequence from E. coli (43%) than to the eukaryotic organisms (40% average identity). It is perhaps somewhat surprising that Z. mobilis phosphoglucose isomerase is not more highly conserved, since it would be very beneficial to an organism like Z. mobilis, which is forced to use most of its available substrate for energy production, to have the most efficient enzymes possible. On the other hand, the amino acids which are conserved between Z. mobilis phosphoglucose isomerase and the other enzymes are likely to be those that are most critical for enzyme function. Further comparisons of enzyme structures will give a better picture of the evolutionary relationships between glycolytic enzymes in Z. mobilis and those in other species.
